The titrimetric method is used for on-site measurement of the concentration of volatile fatty acids (VFAs) in anaerobic treatment. In current practice, specific and interpolated pH-volume data points are used to obtain the concentration of VFA by solving simultaneous equations iteratively to convergence (denoted as SEq). Here, the least squares method (LSM) is introduced as an elegant alternative. Known concentrations of VFA (acetic acid and/or propionic acid) ranging from to 200 to 1,000 mg/L were determined using SEq and LSM. Using standard numbers of data points, SEq gave more accurate results compared with LSM. However, results favoured LSM when all data points in the range were included without any interpolation. For model refinement, unit monovalent activity coefficient ( f m ¼ 1) was found reasonable and arithmetic averages of dissociation constants and molecular weight of 80 mol% acetic acid were recommended in the model for VFA determination of mixtures. An accurate result was obtained with a mixture containing more VFA (butyric acid and valeric acid). In a typical VFA measurement of real anaerobic effluent, a satisfactory result with an error of 14% was achieved. LSM appears to be a promising mathematical model solver for determination of concentration of VFA in the titrimetric method. Validation of LSM in the presence of other electrolytes deserves further exploration.
INTRODUCTION
The operation of the anaerobic treatment process requires a rapid and accurate control strategy (Rozzi et al. ) . The control strategy aims to maintain low concentration of volatile fatty acids (VFA) and a pH value of 6.6-7.4 (Van Haandel & Lettinga ; Lahav et al. ) . Under normal conditions, the VFA produced during the anaerobic treatment process will be consumed quickly by the methanogenic bacteria. Thus, concentration of VFA is kept low which in turn maintains the pH within the optimum range. On the contrary, under overload conditions or in the presence of inhibitory substances, the activity of the methanogenic bacteria decreased and the VFA produced accumulated (Labib et al. ) . The accumulation of VFA during the treatment process decreases the pH value. However, a huge amount of VFA is needed to cause a detectable pH drop, by which time reactor failure would have already occurred (Vanrolleghem & Lee ) . Consequently, pH measurement is not a suitable control for the anaerobic treatment process.
The imminent failure of the anaerobic treatment processes can be identified via the measurement of VFA (Loewenthal et al. ; Lahav et al. ) . Currently, VFA is measured using techniques such as steam distillation, colorimetric method, chromatographic method and titrimetric method. Some of the techniques are time consuming and have poor accuracy, while others require specialized equipment not usually available on-site (Buchauer ; Lahav & Morgan ) .
Among the techniques mentioned, the titrimetric method has been proven to be simple, rapid and cost-effective for VFA measurement (Pauss et (Lahav et al. , ) . For ease of reference, their method is hereafter referred to as the 'SEq' method.
However, several challenges surfaced when utilizing SEq. First, there were two outputs from the computer programme which were the 'first estimate' and the 'final solution'. Instances whereby the 'first estimate' was nearer to the known concentration were encountered, thus raising concerns whether the 'final solution' is always the better choice. Second, the programme does not allow more pHvolume observations, e.g. the complete output of auto-titrators, to be included. Third, as SEq requires data at specific values of pH, interpolation is often required; this not only compromises the quality of the data, but also increases the chances of human error.
The limitations encountered in SEq could be overcome by applying the least square method (hereafter abbreviated as LSM) as it could handle not only as many pH-volume data points as desired, but it also leaves no ambiguity as to which set of concentrations is applicable. This study thus aimed to demonstrate the feasibility of implementing LSM to solve the mathematical model of the titrimetric method. The performance of LSM was compared with SEqs and the effect of incorporating in LSM more data points than the minimum required was also investigated. On model refinement, the value of the monovalent activity coefficient ð f m Þ and the weak acid subsystem representation in the LSM formulation was recommended.
The refined model was later tested with a sample containing more VFA species and a real wastewater sample from the anaerobic process.
MATERIALS AND METHODS

Materials
Concentrations of VFA ranging from 200 to 1,000 mg/L with an interval of 100 mg/L were prepared by diluting the concentrated acetic acid (CH 3 COOH, 99.8%) and propionic acid (CH 3 CH 2 COOH, >99%) with appropriate volumes of ultra pure water (Arium ® 611UF, Sartorius, Germany). Diluted mixtures of both acids were also prepared. In all wastewater prepared, no additional components such as ammonium, phosphate and sulfide were added. Hydrochloric acid (HCl, 37%) and sodium hydroxide (NaOH, >99%) were prepared to a concentration of 0.080 mol/L. HCl was used as the strong acid titrant and NaOH was added to the sample if the initial pH of the sample was less than 6.85 (Lahav et al. ) .
A sample containing more VFA species (Sample '4VFA') was prepared by diluting the concentrated acetic, propionic, butyric (n-CH 3 CH 2 CH 2 COOH, >99%) and valeric acids (n-CH 3 CH 2 CH 2 CH 2 COOH, >99%) to the desired proportions based on a real anaerobic effluent (Bengtsson et al. ), i.e. 60, 20, 15 and 5%, respectively. The reported total concentration was around 5,000 mg COD/L which was equivalent to 3,945 mg/L. To enable measurement of the VFA concentration with ion chromatography (IC), Sample '4VFA' was prepared under a dilution factor of 5, i.e. 789 mg/L total VFA.
Real anaerobic effluent was obtained from a laboratory scale anaerobic fermenter treating palm oil mill effluent (POME). This fermenter had been operating over 3 months and had attained steady state performance. The sample was prepared with a dilution factor of 30 to ensure that the VFA concentrations were in the range of the IC.
Titration procedure
The titration procedure employed was identical with that used by Lahav et al. () and duplicate samples were titrated using an auto-titrator (DMP Titrino 785, Metrohm, Switzerland). The pH-volume data points extracted from the auto-titrator programme were used for the calculation of total concentration of VFA ðA T Þ. The error bars in all the figures indicate the variability of the duplicate samples.
Analytical methods
The concentrations of VFA samples were measured using IC (861 Advanced Compact IC, Metrohm, Switzerland). Samples were injected via a 20 μL loop and eluted at a flow rate of 0.5 mL/min through a Metrosep Organic Acids 250 column. The eluent was 0.5 mmol/L of sulphuric acid. The suppressor system was regenerated by 0.01 mol/L of lithium chloride pumped through the suppressor unit simultaneously with ultra pure water. Electrical conductivity and temperature of the VFA samples were analysed using a handheld unit integrated with pH, conductivity, salinity and temperature system (Model 63, YSI, USA).
Computational programme
Simultaneous equations method (SEq)
The computer programme was provided by Lahav et al. () . When all input parameters are available to the computer programme, the total concentration of VFA ðA T Þ together with all other unknowns such as total concentration of inorganic carbon ðC T Þ and the volume of standard acid needed to reach alkalimetric end point ðV e Þ are automatically computed, resulting in two sets of answers which are 'first estimate' and 'final solution'.
Least squares method (LSM)
The identical mathematical model for the SEq (Lahav et al. , ; Lahav & Morgan ) was used. To account for the addition of NaOH to the sample when the initial pH of the sample is less than 6.85, the final mass of alkalinity in terms of the species concentration of all proton accepting species is given by Equation (1):
where V e ¼ volume of standard acid needed to be added to alkalimetric end point (mL), V x ¼ volume of standard acid needed to be added to pH x (mL), V a ¼ volume of alkaline added to raise the initial pH beyond 6.85 (mL), In Equation (1), the unknowns are V e , C T and A T , while all others have to be provided. The value of f m is assumed to be unity and the justification will be explored later. The model assumes that only acetic acid is present due to the fact that the dominant VFA present in wastewater is acetic acid (Buchauer ) . The goodness of this model representation will also be examined in a subsequent section.
Rearrangement of Equation (1) into a form suitable for LSM gives Equation (2):
Equation (2) can be expressed in the form of a linear Equation (3), where the unknowns C T , A T and V e are isolated on the right-hand side, with a zero intercept:
where y; x 1 ; x 2 ; x 3 ¼ composite terms from experimental data, m 1 , m 2 , m 3 ¼ the unknowns, namely C T , A T and V e , respectively. The corresponding terms for y, x i and m i (i ¼ 1, 2, or 3) can be readily identified. In this form, LSM can be applied to obtain values of m i which minimizes the sum of squared errors. The input parameters to the LSM consist of V s , C a , P T , N T , S T ; V a (if required) and at least three pH x -V x data points (typically seven or more). The outputs are A T , C T and V e . However, C T and V e are outside the focus of this work.
RESULTS AND DISCUSSION
Verification of the LSM Verification was to cross-check that LSM based on Equation (2) was implemented correctly in an Excel spreadsheet. First, calculate an artificial pH x -V x curve from a reasonable set of fictitious values of V e , C T and A T , then use LSM to analyse the pH x -V x data. If LSM was implemented correctly, identical values of V e , C T and A T should be obtained. To generate the pH x -V x curve, Equation (2) was rearranged into a form explicit in V x , as a function of pH x . The results of this study showed that the values of V e , C T and A T were indeed reproduced, thus verifying the LSM implementation.
Validation of the LSM
Validation was used to investigate whether LSM can be used to determine the concentration of VFA using samples of acetic acid, propionic acid and mixtures of both prepared as described above. Excluding the initial pH-V x data, seven data points were used in the LSM (hereafter denoted as 7-point LSM). As shown in Figure 1(a) , 7-point LSM underpredicted the concentrations of these VFAs. This may be due to three possible reasons. First, the assumption of unit value in f m is only approximate. According to the Debye-Hückel theory for dilute ionic solutions, the value of f m is always less than unity (David ) . Second, the value of the equilibrium constant for acetic acid varies across different sources (Bruno & Figure 1 (a), concentrations of acetic acid were determined more accurately compared with propionic acid. This was because the parameters of acetic acid such as equilibrium constant and molecular weight were used in the 7-point LSM formulation. To support this argument, experimental data of Figure 1 (a) were recalculated with the parameters of propionic acid. Concentrations of propionic acid depicted in Figure 1 (b) appear to be more accurate, as expected. Figure 2 shows results of using 7-point LSM on mixed VFA. The compositions at each point are tabulated in Table 1 . The point-to-point deviations on Figure 2 seem non-uniform which could be explained by relative amounts of acetic acid in the mixtures. As shown in Table 1 , higher content of acetic acid in the mixtures led to better prediction.
Comparison of SEq, 7-point LSM and all-point LSM
The relative accuracy of predictions for SEq, 7-point LSM and all-point LSM are summarized in Table 2 . Firstly, the performance between SEq and 7-point LSM was evaluated. Both methods were able to calculate the concentrations of acids ranging from 200 to 1,000 mg/L, but with the SEq being superior to the 7-point LSM. This could be due to the SEq requiring additionally the electrical conductivity and the initial pH-V x data. Such information about the ionic state of the sample was clearly advantageous to SEq. Table 2 shows that for SEq too, the concentrations of acetic acid were better predicted compared with those of propionic acid.
Secondly, to account for the effect of incorporating more pH-V x data points in the 7-point LSM, all the data points that fall within the pH range required by SEq were used in the 7-point LSM (hereafter denoted as all-point LSM). This not only makes full use of the data available, but also prevents interpolation errors. As expected, allpoint LSM produced more accurate results compared with the 7-point LSM. Compared with SEq, all-point LSM was also more accurate on average. However, predictions of the concentrations of propionic acid were less accurate using all-point LSM compared to SEq, possibly due to Table 1 based on acetic acid parameters.
slight differences in the values of the parameters used in SEq.
Selecting the value of the monovalent activity coefficient ( f m )
The assumption of unit value of f m will be scrutinized here. At low electrolyte concentrations, the Debye-Hückel theory suggested that the value of f m decreases with ionic strength (Dogra ). Assuming that acetic acid or propionic acid dissociates completely in the range of concentrations investigated, the value of f m drops to only 0.973 and 0.976, respectively. The effect of slight departures from unity towards the quality of prediction is displayed in Figure 3 . Overall, a smaller value of f m moves the curve upwards. For acetic acid, the f m ¼ 1 curve was above the diagonal, hence the predictions worsened, whereas for the other cases, the f m ¼ 1 curves were below the diagonal, thus the predictions improved. The magnitude of the average error of prediction differed by a maximum of about 6%. As displayed in Figure 3 , the slight variation of the f m value did not contribute to the significant deviation in the prediction of concentration.
As acetic acid is the predominant compound in the wastewater, whenever a value of f m less than unity was used, the predictions worsened. Furthermore, even when mixed acids were present in the wastewater, the average error incurred was just improved by 3%. This slight decrease in the error is not critical, thus, the choice of f m ¼ 1 is justified.
Effects of VFA subsystem representation
At present, acetic acid parameters are used in the formulation of the LSM, resulting in large errors in predicting the concentration of propionic acid or mixtures rich in it. Instead of using parameters for any of the acids, there could be a set of 'mixed-acid' parameters that would minimize the average prediction errors. To search for an optimal set of parameters, the arithmetic weighted-average of the 'mixed-acid' parameters such as equilibrium constant and molecular weight were used. As an example, to use 75 mol% of acetic acid and 25 mol% of propionic acid in representing the weak acid subsystem, the 'mixed-acid' parameters are calculated using Equation (4) 
Using different proportions of acetic acid in the 'mixedacid' model, the average errors of all-point LSM in predicting the concentration of mixtures are depicted in Figure 4 . As the percentage of acetic acid in the model increased from 0 to 100 mol%, the average error reduced drastically from about 25% to below 5% and then increased slightly. Due to the considerable scatter in the errors of prediction, a curve-fitted minimum is not meaningful. Rather, based on Figure 4 , 80 mol% of acetic acid can be used.
One might contend that the need to use such fictitious 'mixed-acid' parameters could be alleviated if a second weak acid equilibrium were included. However, even with two weak acid equilibria, the relative proportion of the acids remains unknown a priori, thus again a guideline for choice of the proportion has to be developed. On balance, the 'mixed-acid' approach is a simpler and yet effective modification of the model.
Challenging the modified model
To further test the applicability of this modified model in the presence of other VFAs, sample '4VFA' was used. The results showed that LSM with 80 mol% of acetic acid as the weak acid system representation was able to predict the total concentration of VFA with only 4% error while SEq gave a total concentration with an error of 28%. For the ultimate challenge, the total VFA of a sample from a laboratory scale fermenter was measured. The fermenter content was simply whatever was available at that time, and was not specially prepared for this purpose, hence this was a rigorous test. The results showed that LSM underestimated the concentration of VFA in the real sample with an error of 14%. This error is acceptable for quick estimation of VFA concentration in real anaerobic treatment operations. On the other hand, for the same sample, SEq gave a larger error of 26%.
CONCLUSIONS
LSM implemented in the Excel spreadsheet was able to determine the concentration of VFA in the range investigated. The accuracy of the calculated concentration was reasonably high for all the samples especially those with high percentages of acetic acid. The performance of the 7-point LSM was not as good as the SEq. However, the results for all-point LSM were comparable and often more accurate than the SEq. Furthermore, all-point LSM has the added advantages of using all available data points in range and not requiring any interpolation. Thus, all-point LSM appears to be an attractive, more user-friendly alternative to SEq. In addition, selection of the f m value depends on the nature of the samples. As a guide, f m ¼ 1 produces a fairly accurate result. Study of the weak acid subsystem representation revealed that 80 mol% is an optimum proportion of acetic acid in the model to determine the VFA concentration of wastewater containing mixed acids. The model was also tested with a real anaerobic effluent and the performance was satisfactory. As future work, validation of the all-point LSM in the presence of ammonium, phosphate and sulfide ions should be carried out.
